Abstract Erythropoietin (EPO) improves functional recovery after traumatic brain injury (TBI). Here, we investigated the role of vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR2) on EPO-induced therapeutic efficacy in rats after TBI. Young male Wistar rats were subjected to unilateral controlled cortical impact injury and then infused intracerebroventricularly with either a potent selective VEGFR2 inhibitor SU5416 or vehicle dimethyl sulfoxide. Animals from both groups received delayed EPO treatment (5,000 U/kg in saline) administered intraperitoneally daily at 1, 2, and 3 days post-injury. TBI rats treated with saline administered intraperitoneally daily at 1, 2, and 3 days post-injury served as EPO treatment controls. 5-Bromo-2′-deoxyuridine was administered to label dividing cells. Spatial learning and sensorimotor function were assessed using a modified Morris water maze test and modified neurological severity score, respectively. Animals were sacrificed at 4 days post-injury for measurement of VEGF and VEGFR2 or 35 days post-injury for evaluation of cell proliferation, angiogenesis, and neurogenesis. EPO treatment promoted sensorimotor and cognitive functional recovery after TBI. EPO treatment increased brain VEGF expression and phosphorylation of VEGFR2. EPO significantly increased cell proliferation, angiogenesis, and neurogenesis in the dentate gyrus after TBI. Compared to the vehicle, SU5416 infusion significantly inhibited phosphorylation of VEGFR2, cell proliferation, angiogenesis, and neurogenesis as well as abolished functional recovery in EPO-treated TBI rats. These findings indicate the VEGF⁄ VEGFR2 activation plays an important role in EPOmediated neurobehavioral recovery and neurovascular remodeling after TBI.
Introduction
Traumatic brain injury (TBI) is the leading cause of death and disability in young people [1] . The most prevalent and debilitating features in survivors of TBI are cognitive deficits and motor dysfunctions [2] . Despite advances in basic research as well as improved neurological intensive care in recent years, no effective pharmacological therapy for TBI is available that would promote functional recovery after TBI [3, 4] . Neurologic impairment is caused by both immediate brain tissue disruption (primary injury) and many post-injury cellular and molecular events (secondary injury) that worsen the primary neurologic insult. TBI clinical trials targeting a single pathophysiological pathway have failed; thus, it is likely that successful therapy may require targeting multiple injury pathways [3] . There is also an urgent need for efficient therapy to improve posttraumatic morbidity and mortality.
Erythropoietin (EPO) and the EPO receptor (EPOR), essential for erythropoiesis, are also expressed in neurons, astrocytes, and cerebral endothelial cells [5] . EPO is a multifunctional tissue protective agent with antiapoptotic, anti-inflammatory, antioxidative, angiogenic, and neurotrophic properties [6, 7] . EPO is neuroprotective in animal models of stroke [8, 9] , spinal cord injury [10] , concussive brain injury [11] , kainate-induced seizure activity [11] , and autoimmune encephalomyelitis [12, 13] . Our recent work demonstrates that delayed treatment (24 h post-injury) with EPO provides longterm benefits in rats after TBI [14, 15] and after stroke [8] . The therapeutic effects of the delayed administration of EPO are associated with increased angiogenesis and neurogenesis after TBI in rats [16] [17] [18] . However, mechanisms underlying EPO-induced angiogenesis and neurogenesis remain unclear after TBI. Here, we used a well-standardized experimental model of TBI in rats in combination with use of a potent selective vascular endothelial growth factor receptor 2 (VEGFR2) inhibitor SU5416 to determine the role of vascular endothelial growth factor (VEGF)/VEGFR2 in EPO-mediated therapeutic effects after TBI specifically on neurobehavioral recovery and neurovascular remodeling.
Materials and Methods
All experimental procedures were approved by the Institutional Animal Care and Use Committee of Henry Ford Health System.
TBI Model
We used the controlled cortical impact (CCI) model of TBI in rat as previously described [19, 20] . Young adult male Wistar rats (344.5±6.9 g) were anesthetized with an intraperitoneal injection of chloral hydrate (350 mg/kg body weight). Rectal temperature was maintained at 37°C using a feedbackregulated water-heating pad. A CCI device was used to induce injury. Rats were placed in a stereotactic frame. Two 10-mm diameter craniotomies were performed adjacent to the central suture, midway between lambda and bregma. The second craniotomy allowed for lateral movement of cortical tissue. The dura mater was kept intact over the cortex. Injury was delivered by impacting the left (ipsilateral) cortex with a pneumatic piston containing a 6-mm diameter tip at a rate of 4 m/s and 2.5 mm of compression. Velocity was measured with a linear velocity displacement transducer.
Experimental Groups and Treatment
TBI was induced in the rats by CCI over the left parietal cortex. The rats were divided into four groups (n=16): (1) sham, (2) saline, (3) EPO+dimethyl sulfoxide (DMSO), and (4) EPO+ SU5416. Sham rats underwent surgery without injury. EPO at a dose of 5,000 U/kg body weight (Epoetin alpha, AMGEN, Thousand Oaks, CA, USA) was administered intraperitoneally at 24, 48, and 72 h after TBI. Animals in the salinetreated group received an equal volume of saline at 24, 48, and 72 h after TBI. For labeling proliferating cells, 5-bromo-2′-deoxyuridine (BrdU, 100 mg/kg; Sigma) was injected intraperitoneally into rats daily for 10 days, starting 1 day after TBI. SU5416 is a potent selective inhibitor of the tyrosine kinase catalysis of VEGFR2 [21, 22] . To inhibit VEGFR2, animals were anesthetized intraperitoneally with chloral hydrate (350 mg/kg) and placed on a stereotactic apparatus (Harvard Apparatus, Holliston, MA, USA). For infusion of SU5416, a cannula was placed into the right lateral ventricle (from the Bregma: anteroposterior, −0.8 mm; lateral, 1.5 mm; depth, 3.5 mm). The cannula was sealed with dental cement and connected to a 200 μl, model 2002, Alzet pump (Alzet, Palo Alto, CA, USA) with medical grade vinyl tubing. The minipump was implanted immediately after TBI in a subcutaneous pocket in the midscapular area of the back of the rat. The pumps were primed in a 37°C saline water bath overnight prior to insertion. Drug infusion was performed through the osmotic minipump filled with 4 mM SU5416 in 5% DMSO diluted in saline or vehicle at a rate of 0.5 μl/h for 14 days. All rats were sacrificed at either 4 days for analysis of VEGF and VEGFR2 (n=4) or 35 days after TBI for analysis of cell proliferation, angiogenesis, and neurogenesis (n=8).
Evaluation of Neurological Outcome

Morris Water Maze Test
All functional tests were performed by investigators blinded to the treatment status. To detect spatial learning, a recent version of the Morris water maze (MWM) test was used [23] . The procedure was modified from previous versions [24] and has been found to be useful for chronic spatial memory assessment in rats and mice with brain injury [15, 23] . Each rat received a block of four daily trials for five consecutive days (that is, 31-35 days post-injury) to locate the hidden platform. The inter-trial interval was 30 min. Data collection was automated by the HVS Image 2020 Plus Tracking System (US HVS Image, San Diego, CA, USA). For data collection, a blue pool (1.8 m in diameter) was subdivided into four equal quadrants formed by imaging lines. At the start of a trial, the rat was placed at one of four fixed starting points, randomly facing toward a wall (designated north, south, east, and west) and allowed to swim for 90 s or until it found the platform. If the animal found the platform, it was allowed to remain on it for 10 s. If the animal failed to find the platform within 90 s, it was placed on the platform for 10 s. Throughout the test period, the platform was located in the northeast quadrant 2 cm below water in a randomly changing position, including locations against the wall, toward the middle of the pool, or off-center but always within the target quadrant. If the animal was unable to find the platform within 90 s, the trial was terminated and a maximum score of 90 s was assigned. If the animal reached the platform within 90 s, the percentage of time traveled within the northeast (correct) quadrant was calculated relative to the total amount of time spent swimming before reaching the platform and employed for statistical analysis. The advantage of this version of the water maze is that each trial takes on the key characteristics of a probe trial because the hidden platform is not in a fixed location within the target quadrant [25] . This method allows animals to probe spatial memory early and continuously as the animals learn. In addition, the animals are unlikely to adopt an intermediate strategy of looping around the tank at a specific distance away from the wall, a response that gets them to a fixed platform quite rapidly without the use of distal visual cues, and which does not require the hippocampus [25] .
Modified Neurological Severity Score Test
Neurological functional measurement was performed using the modified Neurological Severity Score (mNSS) score [26] . The test was carried out on all rats preinjury and on days 1, 4, 7, 14, 21, 28, and 35 after TBI. The mNSS score is a composite of the motor (muscle status, abnormal movement), sensory (visual, tactile, and proprioceptive) and reflex tests and has been employed in previous studies [27] . This test is suitable for evaluating long-term neurological function after unilateral brain injury [18] .
Tissue Preparation and Measurement of Lesion Volume
On day 35 after TBI, rats were anesthetized intraperitoneally with chloral hydrate and perfused transcardially first with saline solution followed by 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.4). Brains were removed and post-fixed in 4% paraformaldehyde for 2 days at room temperature. The brain tissue was cut into seven equally spaced 2-mm coronal blocks and processed for paraffin sectioning. A series of adjacent 6-μm thick sections were cut from each block in the coronal plane and stained with hematoxylin and eosin (H&E). For lesion volume measurement, the seven brain sections were traced by a microcomputer imaging device (MCID; Imaging Research, St. Catharine's, Ontario, Canada), as previously described [28, 29] . The lesion volume was presented as a volume percentage of the lesion compared with the contralateral hemisphere.
Immunohistochemistry
To examine the effect of EPO on cell proliferation and angiogenesis, coronal sections were immunohistochemically stained with the mouse anti-BrdU and the mouse antiendothelial barrier antigen (EBA) antibody, respectively. Briefly, 6-μm paraffin-embedded coronal sections were deparaffinized and rehydrated. Antigen retrieval was performed by boiling sections in 10-mM citrate buffer (pH 6.0) for 10 min. After washing with PBS, sections were incubated with 0.3% H 2 O 2 in PBS for 10 min, blocked with 1% BSA containing 0.3% Triton-X 100 for 1 h at room temperature, and incubated with mouse anti-BrdU antibody (1:200; Dako, Carpinteria, CA, USA) at 4°C overnight. After washing, sections were incubated with biotinylated anti-mouse antibody (1:200; Vector Laboratories, Inc., Burlingame, CA, USA) for 30 min at room temperature. After an additional washing, sections were incubated with an avidin-biotin-peroxidase system (ABC kit, Vector Laboratories, Inc.). Diaminobenzidine (Sigma, St. Louis, MO, USA) was then used as a sensitive chromogen for light microscopy. Sections were counterstained with hematoxylin.
To identify vascular structure, brain sections were deparaffinized and then incubated with 0.4% Pepsin solution at 37°C for 1 h. After washing, the sections were blocked with 1% BSA at room temperature for 1 h, and then incubated with mouse anti-EBA antibody (SMI-71, 1:1,000, Covance, Berkeley, CA, USA) at 4°C overnight. The subsequent procedures were the same as for BrdU staining. BrdU-positive cells and EBA-stained vessels in the dentate gyrus and the cortex of ipsilateral hemispheres were examined at ×20 magnification and counted [15] .
Immunofluorescent Staining
Newly generated neurons were identified by double labeling for BrdU and neuronal nuclear antigen (NeuN). After dehydration, coronal sections were boiled in 10 mM citric acid buffer (pH 6) for 10 min. Sections were incubated in 2.4 N HCl at 37°C for 20 min. Sections were incubated with 1% BSA containing 0.3% Triton-X-100 in PBS and then incubated with mouse anti-NeuN antibody (1:200; Chemicon) at 4°C overnight. After incubation with fluorescein isothiocyanate (FITC)-conjugated antimouse antibody (1:400; Jackson ImmunoResearch) at room temperature for 2 h, sections were incubated with rat anti-BrdU antibody (1:200; Dako) at 4°C overnight. Sections were then incubated with Cy3-conjugated anti-rat antibody (1:400; Jackson ImmunoResearch) at room temperature for 2 h. Coronal sections were mounted with Vectashield mounting medium (Vector Laboratories).
Our previous study showed that VEGF expression is increased in the astrocytes after TBI and treatment [30] . To examine the effect of EPO and SU5416 treatment on expression of VEGF in astrocytes after TBI, a polyclonal IgG anti-VEGF antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a titer of 1:400 was used to incubate the brain sections at 4°C overnight. The secondary antibody (Cy3, 1:200 in PBS, Jackson ImmunoResearch, West Grove, PA, USA) followed. Each of the aforementioned steps was followed by four 5-min rinses in PBS. Rabbit antiglial fibrillary acidic protein (GFAP) was used to detect astrocytes in injured brain. The second antibody (FITC, 1:200 in PBS, Jackson ImmunoResearch) was added at room temperature for 30 min. The sections were counterstained with 4′, 6-diamidino-2-phenyl-indole, dihydrochloride for the identification of nuclei.
Cell Counting and Quantitation
The methods we used here to count cells have been widely utilized in our previous studies [31] [32] [33] [34] . We did not employ stereological counting methods but we counted cells using the principles of stereology [32] . This method permits a meaningful comparison of differences among groups. For quantitative measurements of cells, five sections from each brain were employed with the epicenter of the injury cavity at bregma −3.3 mm and 100-μm intervals between adjacent sections. Images were taken from each section containing eight fields of view in the lesion boundary zone, three fields of view in the ipsilateral CA3 and CA1, and nine fields of view in the ipsilateral dentate gyrus. The fields were digitized and analyzed with a Nikon i80 microscope at a magnification of 200 or 400 via the MCID system [15] . All counting was performed on a computer monitor to improve visualization and in one focal plane to avoid oversampling [35] . To evaluate whether EPO administered intraperitoneally reduces neuronal damage after TBI, the number of cells was counted in the hippocampus. Although H&E staining is not neuron specific, the morphological characteristics of neuronal cells in the dentate gyrus, CA1, and CA3 region aid in counting them. Counts were averaged and normalized by measuring the linear distance (in millimeter) of the dentate gyrus, CA1 and CA3 for each section. Although it is just an estimate of the cell number, this method permits a meaningful comparison of differences between groups [16] [17] [18] . For cell proliferation, the total number of BrdU-positive cells was counted in the lesion boundary zone and the dentate gyrus. The cells with BrdU (brown stained) that clearly localized to the nucleus (hematoxylin stained) were counted as BrdU-positive cells. The number of BrdU-positive cells was expressed in cells per square millimeter. To evaluate neurogenesis, BrdU/ NeuN-colabeled cells were counted in the dentate gyrus. The number of GFAP/VEGF-colabeled cells was counted in the cortex (lesion boundary zone) and hippocampus.
Western Blot Analysis
Rats were sacrificed at 4 days after TBI (four per group). Brain tissues from the lesion boundary zone and the hippocampus were collected, washed once in PBS, and lysed in lysis buffer (20 mM Tris pH 7.6, 100 mM NaCl, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 1% deoxycholic acid, 10% glycerol, 1 mM Ethylenediaminetetraacetic acid, 1 mM NaVO3, 50 mM NaF, cocktail I of protease inhibitors from Calbiochem, Gibbstown, NJ, USA). After sonication, soluble protein was obtained by centrifugation at 13,000×g for 15 min at 4°C. The protein concentration of each sample was determined by bicinchoninic acid protein assay (Pierce, Rockford, IL, USA). For immunoblotting equal amounts of cell lysate were subjected to electrophoresis on 10% or 14% SDS-polyacrylamide gels. Separated proteins were then electrotransferred to Immobilon membranes (Millipore, Bedford, MA, USA). Membranes were blocked in 2% I-Block powder (Tropix, Redford, MA, USA) in PBS plus 0.1% Tween-20 at room temperature and then incubated with different primary antibodies at 4°C overnight. The following antibodies were used: VEGF and VEGFR2 (1:1,000; Cell Signaling Technology, Beverly, MA, USA), anti-p-VEGFR2 (1:1,000; Millipore) and anti-Actin (1:1,000; Santa Cruz Biotechnology). After washing with TBS-T, membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:2,500; Jackson Immunological Research Laboratory) in blocking solution at room temperature for 2 h. Proteins were visualized by using an enhanced chemiluminescence protein detection kit (Pierce). Membranes were subsequently stripped with stripping buffer (Pierce) for 30 min at room temperature, washed extensively with TBS-T, blocked, and then reprobed as described above. The intensity of the bands was measured using Scion Image Analysis (Scion Corporation, Frederick, MD, USA).
Statistical Analyses
All data are presented as mean±SD. Data on mNSS were first evaluated for normality. The rank data were used for the analysis since mNSS data were not normal. Analyses of variance (ANOVA) and PROC MIXED with CONTRAST statement in SAS, were employed to test the group difference on mNSS. The analysis began testing the overall group effect. If overall group effect was detected at the 0.05 level, then pairwise group comparisons were performed; otherwise, pairwise group comparisons were considered as exploratory analyses. Data on spatial learning function were analyzed by ANOVA for repeated measurements. For lesion volume, cell counting, EBA-stained vascular density, and Western blot data, a one-way ANOVA followed by post hoc Student-NewmanKeuls test was used to compare the differences between the sham-, saline-, EPO+DMSO-, and EPO+SU5416-treated groups. Pearson's correlation coefficients were calculated between the histological outcomes and the behavioral scores. Statistical significance was set at P<0.05.
Results
Spatial Learning Test
To analyze day-by-day differences in the MWM, a repeatedmeasures ANOVA was performed and followed by StudentNewman-Keuls tests for multiple comparisons. As shown in Fig. 1a , the percentage of time spent in the correct quadrant (northeast) by sham rats gradually increased from days 31 to 35 after surgery. The greater the percentage of time spent in the correct quadrant, the better the spatial learning. The spatial learning of the saline-treated rats with TBI was significantly impaired compared to sham-operated rats at days 32-35 (P<0.05) after injury. As compared to saline treatment, EPO+DMSO-treated rats with TBI showed significant improvement at day 32-35 (P<0.05). However, as compared to the EPO+DMSO group, the EPO+SU5416 group showed significant deficits in spatial learning (a smaller percentage of time spent in the correct quadrant) at days 32-35 (P<0.05). Moreover, spatial learning function in the EPO+SU5416 group was worse than that in the saline group at day 35 compared to saline treatment (P<0.05).
Neurological Severity Score Figure 1b shows that there is no significant difference in the mNSS among the saline-, EPO+ DMSO-, and EPO+ SU5416-treated groups at day 1 post-TBI, indicating that the severity of injury among these groups was comparable. TBI significantly increased the mNSS (the higher the mNSS, the worse the sensorimotor function) at 1-35 days post-injury compared to the sham groups (P<0.05 for days . However, significantly reduced scores were measured at days 7-35 after TBI in the EPO+DMSO-treated group compared to the saline-treated group (P<0.05). The EPO+ SU5416 group showed significantly less functional recovery at days 4-35 compared to the EPO+DMSO treatment (P <0.05). Moreover, the EPO+SU5416 group had a significantly higher mNSS at day 35 compared to the saline-treated group (P<0.05).
Lesion Volume
Lesion volume measurements were performed at 35 days post-TBI. In the present study, TBI caused consistent cortical lesion (Fig. 2) . The EPO+DMSO group exhibited a trend to reduce the lesion volume but lesion volumes were not Fig. 1 Fig. 2 Effect of EPO and SU5416 on lesion volume examined at 35 days after TBI. TBI caused a significant cortical lesion compared to sham controls (H&E staining). Delayed treatment with EPO combined with DMSO had a tendency to reduce lesion volume without a significance compared to the saline group (P<0.05). EPO+SU5416 treatment had a tendency to increase the lesion volume but did not reach a significant level compared to the EPO+DMSO group. Data represent mean±SD. Scale bar 3 mm; *P<0.05 vs. sham group; n (rats/group)=8 significantly different from the saline-treated group (Fig. 2,  P>0 .05). The EPO+SU5416 group showed a trend to increase the lesion volume, but lesion volume was not significantly different from the saline-treated group (P>0.05). Fig. 3 Effect of EPO and SU5416 on cell loss in the ipsilateral hippocampus at 35 days after TBI. H&E staining (a-h). TBI caused significant cell loss in the dentate gyrus (DG), CA3, and CA1 regions (b, f, and i; P<0.05) of the ipsilateral hippocampus compared to sham controls (a and e). Arrows indicate cell loss. Delayed treatment with EPO (c, g, and i) significantly reduced cell loss as compared with the saline group (P<0.05). The cell number in the DG, CA3, and CA1 region is shown in i. As compared to the EPO+ DMSO group, the cell number in the EPO+SU5416 group was significantly decreased (d, h, and i; P<0.05). Data represent mean±SD. Scale bar=50 μm (a-h). *P<0.05 vs. sham group, # P<0.05 vs. saline group, $ P<0.05 vs. EPO+DMSO; n (rats/group)=8 Fig. 4 Effect of EPO and SU5416 on EBA-staining vascular structure in the injured cortex, ipsilateral DG and CA3 region 35 days after TBI. Arrows in a (as an example) indicate EBA-positive vascular structure. TBI alone (b, f, and j; P<0.05) significantly increased the vascular density in these regions compared to sham controls (a, e, and i; P<0.05). EPO treatment further enhanced angiogenesis after TBI compared to saline groups (c, g, and k; P<0.05). As compared to the EPO+DMSO group, the EPO+SU5416 group had a significantly decreased vascular density in these regions (d, h, and l; P<0.05). Cell Loss in the Hippocampus When examined at 35 days post-TBI (Fig. 3) , the neuron counts in the CA3, dentate gyrus, and CA1 of the ipsilateral hippocampus decreased significantly after TBI (Fig. 3b , f, and i; P<0.05) compared to sham controls ( Fig. 3a and e) . As compared to saline controls, the EPO+ DMSO-treated group showed significantly increased neuron counts in these regions (Fig. 3c, g, and i ; P<0.05), while the EPO+SU5416-treated group showed significantly decreased neuron counts in these regions as compared to the EPO+DMSO-treated group (Fig. 3d, h , and i; P<0.05). The neuron counts in the EPO+SU5416-treated group were comparable to those in the salinetreated group.
Angiogenesis
EBA is a specific immunohistochemical marker of central nervous system microvessels which has been used to quantitatively assess microvascular alterations following TBI [36] and stroke [37, 38] . TBI alone significantly increased the vascular density in the cortex, dentate gyrus, and CA3 of the ipsilateral hemisphere (Fig. 4b , f, and j; P<0.05) at 35 days after TBI compared to sham controls (Fig. 4a, e, and i) . EPO+DMSO treatment significantly increased the vascular density in the cortex, dentate gyrus, and CA3 (Fig. 4c, g, and k ; P<0.05) compared to saline treatment. Treatment with EPO+SU5416 (Fig. 4d, h , and l) significantly reduced vascular density in these regions compared to treatment with EPO+DMSO (Fig. 4c, g, and k ; P<0.05). In addition, treatment with EPO+SU5416 significantly reduced vascular density in these regions compared to treatment with saline (Fig. 4b , f, and j; P<0.05).
Cell Proliferation
BrdU labeling is commonly used to detect cell proliferation [15] . The number of BrdU-positive cells found in the ipsilateral cortex and dentate gyrus (Fig. 5b and f, P<0 .05) was significantly increased at 35 days after TBI, compared with sham controls (Fig. 5a and e) . However, EPO+DMSO treatment further increased the number of BrdU-positive cells in the cortex and dentate gyrus (Fig. 5c and g, P<0.05) after TBI compared to saline controls. A significantly lower density of BrdU-positive cells in these regions was observed in the EPO+SU5416 group compared to the EPO+DMSO group ( Fig. 5d and h; P<0.05) . Moreover, the EPO+SU5416-treated group showed significantly reduced cell proliferation in these regions compared to the salinetreated group (Fig. 4b , f, and i; P<0.05).
Neurogenesis
Newly generated neurons were identified by double staining for BrdU (proliferating marker) and NeuN (mature neuronal marker). The number of NeuN/BrdU-colabeled cells (newborn neurons) was significantly higher in the ipsilateral dentate gyrus of the saline-treated group ( Fig. 6b and e ; P< 0.05) at 35 days after TBI compared to sham controls (Fig. 6a) . The number of newborn neurons was significantly increased in the ipsilateral dentate gyrus of the EPO+ DMSO-treated group ( Fig. 6c and e; P<0.05) compared to the saline-treated group. In addition, the number of newborn neurons in the injured dentate gyrus was significantly lower in the EPO+SU5416-treated group than in the EPO+ DMSO-treated group ( Fig. 6d and e ; P <0.05). TBI significantly reduced the percentage of newly generated cells in the DG that differentiate into mature neurons in the saline group as compared to sham controls ( Fig. 6f; P<0.05) . EPO +DMSO treatment increased the number of newly generated cells that differentiate into mature neurons to a level comparable to that seen in sham controls. The percentage of newborn neurons in the EPO+SU5416-treated group was significantly reduced compared to the EPO+DMSO-treated group (P<0.05). In addition, both the number of newborn neurons and the percentage of the newly generated cells to differentiate into mature neurons in these regions were significantly reduced in the EPO+SU5416-treated group compared to that seen in the saline-treated group (Fig. 6b, d , e, and f; P<0.05).
Correlation of Histological Changes with Functional Recovery
Data from all four groups were included to generate the correlations between functional and histological outcomes. This correlation analysis has been widely used to correlate behavior with histological outcomes in stroke and TBI studies [16, 33, [39] [40] [41] . Correlation analyses indicate that sensorimotor functional deficits (as measured by mNSS at 35 days after TBI) are highly and positively correlated to cortical lesion size (Fig. 7a) , and inversely correlated to the vascular density in the injured cortex (Fig. 7b) examined at day 35 after TBI (P<0.05). Spatial learning at 35 days after TBI (percentage of time spent in correct quadrant) is highly and positively correlated to neuron counts (Fig. 7c) and vascular density in the injured dentate gyrus, CA3, and CA1 (Fig. 7d) as well as to the number of newborn neurons in the dentate gyrus (Fig. 7e ) assessed at day 35 after TBI (P<0.05). These data indicate that delayed EPO therapy improves neurological recovery most likely by reducing neuronal loss and promoting angiogenesis and neurogenesis.
EPO Increases VEGF Expression and p-VEGFR2 in the Injured Brain
Western blot analysis revealed that VEGF and p-VEGFR2 level increased in the injury boundary zone and hippocampus at 4 days after TBI (Fig. 8, P<0 .05). Delayed EPO treatment significantly increased VEGF level and phosphorylation of VEGFR2. SU5416 infusion did not significantly affect brain VEGF level and expression of VEGFR2 but significantly reduced phosphorylation of VEGFR2.
EPO Increases VEGF Expression in the Astrocytes
The expression of VEGF in astrocytes was detected with triple staining (VEGF, GFAP, and 4′,6-diamidino-2-phenylindole; Fig. 9 ). Triple staining showed that more astrocytes in the boundary zone and hippocampus were VEGFpositive in the EPO+DMSO-treated group compared to the saline-treated group (P<0.05). SU5416 infusion did not affect VEGF expression in the astrocytes compared to the EPO+DMSO-treated group (P<0.05).
Discussion
In this study, we demonstrate that: (1) EPO treatment increases brain VEGF expression and phosphorylation of VEGFR2 after TBI; (2) the EPO-mediated sensorimotor and cognitive functional recovery are highly and significantly correlated to increased cell proliferation, angiogenesis and neurogenesis; and (3) inhibition of VEGFR2 by SU5416 significantly decreases cell proliferation, angiogenesis and neurogenesis as well as abolishes the EPO-mediated sensorimotor and cognitive functional recovery after TBI in rats. These findings indicate that VEGF/VEGFR2 activation at least partially contributes to EPO treatment-mediated neurobehavioral recovery and neurovascular remodeling after TBI.
Our previous study demonstrates that mice with EPO receptor null in the nervous system exhibit aggravated sensorimotor deficits after TBI [42] . Using knockout techniques, Tsai et al. provide strong evidence that endogenous EPO and the classical EPOR play a critical role in nervous system development and adult brain repair after stroke [43] . These results indicate that endogenous EPO contributes to spontaneous recovery processes after brain injury. Neuroprotection by EPO has usually been observed when EPO is administered within 6 h after brain injury [11, [44] [45] [46] . Our recent findings demonstrate that delayed (24-h post-injury) repeated EPO therapy does not reduce cortical lesion volume but improves functional outcomes after TBI and stroke [8, 15, 18] , indicating that the therapeutic window of EPO may not be limited to the early hours after acute brain injury. Furthermore, our previous study suggests that EPO-induced therapeutic effects on TBI rats are independent of EPOstimulated hematopoietic effects [47] but highly dependent on reducing hippocampal neuron loss, and increasing angiogenesis and neurogenesis in a dose-dependent manner [16] . The mechanisms underlying the EPO therapeutic effects have not been fully investigated. It is widely accepted that EPO's neuroprotective mechanisms are related to EPOR binding [48] . However, there is evidence that the hematopoietic effect and tissue protection may act through different receptors [49] . For example, carbamylated EPO (CEPO) or certain EPO mutants do not bind to the classical EPOR and do not show any hematopoietic activity in human cell signaling assays or on chronic dosing in different animal species [49] . However, CEPO and various nonhematopoietic mutants confer neuroprotection at a potency and efficacy comparable to EPO [14, [49] [50] [51] [52] . It is believed that EPOR and beta common receptor comprise a tissue-protective heteroreceptor because neither EPO nor CEPO was active in cardiomyocyte or spinal cord injury models performed in the beta common receptor knockout mouse [53] .
Studies from us and others demonstrate that VEGF/ VEGFR expression is upregulated in TBI animals [30, [54] [55] [56] . In addition, inhibition by VEGFR2 antagonists increases lesion size and cellular death, decreases neurogenesis, and exacerbates functional impairments after TBI [57] [58] [59] [60] . These findings suggest that increased endogenous expression of VEGF and VEGFR2 after TBI is favorable for spontaneous functional outcome. Furthermore, intracerebroventricular infusion of VEGF significantly augments neurogenesis and angiogenesis, reduces lesion volumes, and improves functional outcome in mice after TBI [61] . Our prior studies demonstrate that delayed EPO treatment initiated 24-h postinjury improves functional recovery after TBI [16-18, 42, 47] . Whether delayed EPO treatment-mediated functional recovery, angiogenesis, and neurogenesis after TBI are associated with upregulation of VEGF/VEGFR2 signaling pathway has not been investigated. In the present study, Western blot data clearly show that EPO treatment (without SU5416 infusion) significantly increases expression of VEGF and phosphorylation of VEGFR2 and improves functional recovery after TBI. The number of VEGF-positive astrocytes is significantly greater in the brain of the EPO-treated TBI rat compared to the saline-treated TBI rat. These new findings indicate that delayed EPO treatment-mediated functional improvement is at least partially associated with increased expression of VEGF in the astrocytes. To further verify the role of EPO-mediated upregulation of VEGF/BEGFR2 signaling pathway in functional recovery, we performed an additional experiment in EPO-treated TBI rats with inhibition of VEGFR2 by SU5416. SU5416 infusion did not change the VEGF level but effectively and significantly decreased phosphorylation of VEGFR2 as well as abolished functional recovery in EPO-treated TBI rats. Collectively, these data indicate that upregulation of the VEGF/VEGFR2 signaling pathway plays an important role in EPO-mediated functional improvement after TBI.
The adult brain vascular system is stable under normal conditions, but is activated in response to certain pathological conditions including injuries [62] . Our previous study shows that EPO promotes angiogenesis after TBI in a dosedependent manner [16] . The coupling of angiogenesis and neurogenesis has been demonstrated in rodents after brain injuries [8, [63] [64] [65] . Angiogenesis may provide the critical neurovascular microenvironment for neuronal remodeling [62, [66] [67] [68] [69] [70] . Treatment with EPO contributes to neurovascular remodeling, leading to improved neurobehavioral outcomes following ischemic brain injury [8, 71] . How EPO induces angiogenesis after TBI is unclear. Our in vitro study shows that EPO enhances VEGF secretion in neural progenitor cells through activation of the PI3K/Akt and ERK1/2 signal-transduction pathways and that neural progenitor cells treated with EPO upregulate VEGFR2 expression in cerebral endothelial cells, which along with VEGF secreted by neural progenitor cells promotes angiogenesis [72] . Our present study shows that EPO treatment increases VEGF expression in astrocytes and inhibition of VEFGR2 abolishes angiogenesis as well as functional recovery after TBI. These data collectively suggest that VEGF/VEGFR2 plays an important role in EPO-mediated angiogenesis after TBI.
Increasing evidence shows that EPO not only stimulates vascular repair but also promotes neurogenesis after brain injury [7, 8, 16-18, 72, 73] . EPO enhances neurogenesis in animal models of TBI [15] [16] [17] [18] and stroke [8, 9, 43] . VEGF may play an important role in EPO-mediated neurogenesis after TBI. In addition to its robust angiogenic effects, VEGF is capable of promoting neurogenesis in response to TBI [60, 61] . In the present study, inhibition of VEGFR2 not only reduced EBA-labeled vascular density (an index of angiogenesis) but also reduced the number of newborn neurons in the dentate gyrus in EPO-treated TBI rats. Furthermore, SU5416 decreased the percentage of newly generated (BrdU positive) cells to differentiate into mature neurons (BrdU/NeuN colabeled cells) in EPO-treated TBI rats. These data indicate that VEGFR2 activation participates in EPO-mediated neurovascular remodeling after TBI. SU5416 is a potent selective inhibitor of the tyrosine kinase catalysis of VEGFR2 and is used for inhibition of VEGFR2 in TBI research [21, 22, [58] [59] [60] . However, SU5416 also inhibits other tyrosine kinases including VEGFR1 [74] . The present study cannot rule out that other angiogenic factors and their receptors may also be involved in the EPO therapeutic effects. Further studies are warranted.
In conclusion, to the best of our knowledge, this study is the first to examine the role of VEGF/VEGFR2 in the EPOmediated therapeutic effects after TBI in rats, specifically EPO-improved neurobehavioral recovery and neurovascular remodeling. Although the causal link between behavior and histological outcomes after TBI and EPO treatment has not been established, the correlation analysis shows that there is a significant association between them. These data extend our knowledge on mechanisms underlying delayed EPO treatment-mediated therapeutic efficacy after TBI.
